ABSTRACT: The success of an invasive species becoming established in a new region often depends on its interactions with ecologically similar resident species. The propensity of the newly-established mosquito Aedes japonicus to inhabit rock pools throughout the eastern United States provides a natural setting for interspecific larval competition with the native Aedes atropalpus. A laboratory experiment conducted in simulated rock pools to evaluate larval interactions between and within these two species suggested that the performance of both species was more significantly impacted by intraspecific conditions than interspecific conditions of the same mosquito density. Aedes atropalpus was apparently more sensitive to larval densities than Ae. japonicus because it reproduces autogenously, requiring a lengthened period of larval development to obtain nutrient reserves for egg development, which may ultimately put Ae. atropalpus at a disadvantage under larval conditions of competition and limited resources. Excessively stressful experimental conditions, as evidenced by reduced body size, and thus fecundity and estimated finite rate of increase, may have obscured the effects of larval competition between these species. The impact of larval competition between these species in rock pool communities warrants further investigation under more ecologically realistic experimental conditions. Journal of Vector Ecology 33 (2): 238-246. 2008.
INTRODUCTION
Within its native range in Asia, Aedes japonicus (Theobald) larvae are found in a wide variety of natural and artificial containers, however rock pools appear to be the most favored habitat (LaCasse and Yamaguti 1950, Tanaka et al. 1979) . Immatures of this species have occupied a similar ecological niche since its invasion of the United States in 1998 via used tire shipments (Peyton et al. 1999 ) from Japan (Fonseca et al. 2001) . Aedes japonicus have since been detected along the east coast with reports as far south as Alabama (Mullen 2005) , north to Maine (Foss and Dearborn 2001) , and west to Missouri (Gallitano et al. 2006) . This species appears to have become established on the west coast in Washington (Roppo et al. 2004 ) and has recently been detected in Mississippi, Nevada (Moore, personal communication) , and Hawaii (Larish and Savage 2005) . As an invasive species, the likelihood of Ae. japonicus establishing and propagating in its new range depends partly on resource availability and its ability to compete with ecologically similar resident species. Interspecific competition is instrumental in determining the outcome of an invasion, regardless of whether it promotes or limits the spread of a newly-established species, and may only be avoided if an invader is filling a vacant niche by exploiting a previously unoccupied habitat or unused resource (Williamson 1996) .
The effects of interspecific competition due to severe crowding and limited resources among the larvae of container-inhabiting mosquitoes have been well documented (e.g., Livdahl and Willey 1991 , Barrera 1996 , Juliano 1998 , Braks et al. 2004 , Costanzo et al. 2005 ; however the majority of these experimental investigations concerned the invasion of Aedes albopictus. Such studies have demonstrated both the success (O'Meara et al. 1995 ) and failure (O'Meara et al. 1989 , Lounibos et al. 2003 of invasive species to spread. Interspecific competition may potentially impact the overall population performance of container-inhabiting species by affecting growth, survivorship, and reproductive success (Juliano and Lounibos 2005) . Under conditions of severe interspecific competition, such effects may lead to the decline or elimination of a resident species following the introduction of a competitively superior invader (e.g., Juliano 1998) .
Due to the propensity of Ae. japonicus to inhabit rock pools, the indigenous mosquito most likely to be affected by the invasion of this species is the North American rock pool mosquito, Ae. atropalpus (Coquillett). The two species are sympatric in parts of the eastern United States. Frequent and abundant collections of Ae. japonicus larvae cooccurring with Ae. atropalpus in rock pools , Bevins 2007 indicate the potential for interspecific larval resource competition, which may limit the success of the recent invader (Juliano and Lounibos 2005) . However, recent routine mosquito surveillance data and field studies have indicated that competitive displacement of Ae. atropalpus by Ae. japonicus may be occurring in rock pools in New Jersey (Scott et al. 2001), North Carolina (B. Harrison, personal communication) , and Virginia (unpublished data). Because of the specialized primary larval habitat of Ae. atropalpus in rock pools, this species tends to be sparsely and irregularly distributed despite its large geographical range. Such conditions may promote the localized decline or extinction of this species in areas where these two species co-occur, particularly if Ae. japonicus is a superior competitor. However, as noted in Lounibos (2002) , Ae. atropalpus has expanded its distribution by adapting to discarded tires and has itself been considered an invasive species. While interspecific larval resource competition is a likely mechanism for competitive displacement (Lounibos 2007) , no findings on competition between these two species have been published. Thus a laboratory investigation was conducted on these species to detect intra-and interspecific effects of larval density on survivorship, development time, body size, and population growth. To investigate inter-and intraspecific larval competition, the development of larvae in surrogate rock pools in different density-species combinations was monitored. Surrogate rock pools were constructed within plastic planters (91.4 x 18 x 12 cm) using a fast setting, high strength concrete mix consisting of coarse sand aggregate, and cement (Sakrete, Charlotte, NC). Approximately 15 kg of concrete mixed with 1.6 liters of water were poured into each of six planters, and within each, five individual indentations (7 cm deep with a diameter of 11.5 cm) were made using glass canisters to create the rock pools. Field surveys in Fairfax County, VA, indicated that these species occur in rock pools of similar shape and size in nature. Once dry, each planter was completely flooded with water for 24 h to ensure structural reliability. A randomized complete block design was used for the experiment, with five density combinations of Ae. japonicus: Ae. atropalpus (20:0, 60:0, 0:20, 0:60, and 30:30) as treatments and individual planters as blocks. Each planter contained one replicate of each density-species composition combination in a separate rock pool, for a total of six replicates per treatment and 30 individual rock pools. Two months prior and up to the start of the experiment, surrogate rock pools were flooded with water to allow for any potentially toxic chemicals to leech out of the cement in an effort to reduce or prevent larval mosquito mortality. It should be noted that the selection of the density combinations used for this experiment was somewhat arbitrary, as natural densities were not available from field surveillance data. An extensive field survey of rock pools conducted in Northern Virginia from May to October, 2006 uncovered only four such habitats containing Ae. atropalpus, two of which were also inhabited by Ae japonicus larvae (unpublished data).
MATERIALS AND METHODS
On 19 October, each planter was randomly labeled with a number, and each of its rock pools was randomly labeled with a letter corresponding to one of the five treatments. Food consisted of fallen pin oak leaves (Quercus palustris) that had been collected in Fairfax, VA, washed, and dried at room temperature for one week prior to quartering, weighing, and sorting. Four days prior to the start of the experiment, 1.0 g of leaves was added with 300 ml of distilled water to each of the 30 rock pools. The appropriate water level was marked in each rock pool, and was checked every five days for evaporation and refilled with distilled water as necessary. Each planter was covered with fiberglass screen (0.5 mm) and secured with a large rubber band to prevent entry of other macrofauna. In the laboratory, eggs of Ae. japonicus and Ae. atropalpus were synchronously hatched (Novak and Shroyer 1978) , and 24 h later larvae were counted into aliquots of 20, 30, and 60. Within one h after counting, the larvae were distributed into appropriate rock pools.
Each rock pool was monitored daily for the presence of pupae, which were collected and housed singly in sealed 10 dram (36.7 ml) vials containing water from their respective rock pools. Each vial was labeled with the appropriate planter and treatment identifier and placed in a rack until adult eclosion. Upon emergence, adults were killed by freezing before scoring by container, species, sex, and day of emergence. The experiment ended on 26 November when the final adult emerged. Survivorship was calculated as the proportion of adults that emerged from the initial cohort of 1 st instar larvae. Development time was calculated as the number of days from hatching to adult emergence. Adult body size was estimated from the length of one wing, which was removed from each female and measured under a dissecting microscope with an ocular micrometer (Packer and Corbet 1989) .
Data analysis
Population growth correlates: Standardized multivariate analysis of variance (MANOVA, PROC GLM, SAS Institute 1989) techniques for related variables (Scheiner 2001) were used to evaluate the effects of inter-and intraspecific competition on Ae. atropalpus and Ae. japonicus. Separate MANOVAs with three different density-species composition combinations as treatments and six different planters as blocks were performed separately for each species (SAS Institute 1989, PROC GLM). Median development times and body size were used (rather than means) to meet assumptions of homogeneous variance and normality; survivorship data were not transformed. Standard canonical coefficients (SCC) were calculated for each MANOVA and used to assess the contribution of each population growth correlate to the main treatment effect (Scheiner 2001) . Post hoc contrasts were performed among the three densityspecies combinations using significance levels adjusted with the sequential Bonferroni technique for the number of tests done to reduce type I error (experimentwise α = 0.05) (Rice 1989) .
Composite Index of Performance (λ'): The effects of inter-and intraspecific competition on Ae. atropalpus and Ae. japonicus were further evaluated by deriving composite indices of mosquito population performance (λ') from the survivorship, female development time, and wing length from each density-species combination. This index is an analog of the finite rate of increase as modified from Livdahl and Sugihara (1984) by Juliano (1998): where N 0 is the initial number of females (assumed to be 50% of the cohort), A X is the number of females eclosing on day x, w X is the mean wing length of females eclosing on day x, and f(w X ) is a function relating egg production to wing length. D is the time from adult eclosion to reproduction, taken as eight days for Ae. atropalpus and 12 days for Ae. japonicus (personal observation).
Values of λ' greater than one indicate that the population is increasing, approximately equal to one that the population is stable, and less than one that the population is decreasing. If no individuals survive to reproduction, λ' equals zero (Léonard and Juliano 1995, Grill and Juliano 1996) . A regression relating female wing length to fecundity for Ae. japonicus was obtained from Armistead et al. (2008) : where w X is the wing length in millimeters on day x. Because no suitable equation could be derived from the literature, a size-fecundity regression for Ae. atropalpus was determined experimentally (see below). Randomization ANOVA (Manly 1991 (Manly , 1997 ) was used to analyze λ' as no transformation yielded data that met assumptions of normality and homogeneous variance. Posthoc comparisons of treatment means were not warranted.
Estimation of Ae. atropalpus fecundity from wing length: A regression for Ae. atropalpus was determined experimentally under controlled conditions of 26° C and 12h:12h L:D in an insectary at the Florida Medical Entomology Laboratory in Vero Beach, FL. Aedes atropalpus eggs were hatched simultaneously using a medium of Brewer's yeast and lactalbumin, and 24 h later larvae were transferred into enamel pans containing approximately 1 liter of distilled water at a density of 100 per pan where they were reared under conditions of varying food availability. Food consisted of pin oak leaves (Q. palustris) from Fairfax, VA, that were collected and dried at room temperature before quartering, weighing, and sorting into 0.5, 1.5, and 3g allotments. These varying food levels were used to generate adult females with a large range of body size, with the specific goal of obtaining very small females, as adult body size is likely to be impacted under stressful larval developmental conditions. Four days prior to the start of the experiment, three allotments of each leaf size were added to the enamel pans. This period allowed for the leaves to soak and be colonized by microorganisms. Because nutrient levels provided in these diet regimes appeared insufficient for development, each larval cohort was fed 100 mg of an artificial diet consisting of one part Brewer's yeast and one part lactalbumin every other day to ensure completion of development.
Upon pupation, mosquitoes were transferred to plastic cups containing distilled water and placed within 0.028 m 3 (30.5 x 30.5 x 30.5 cm) rearing cages. Cotton soaked in a 20% sucrose solution was provided as a source of carbohydrates for adults at all times. Because Ae. atropalpus are obligatorily autogenous in their first egg cycle but may ingest blood for subsequent cycles, blood-feeding was unnecessary. Similar to procedures used by O'Meara and Krasnick (1970) and Telang and Wells (2004) , females were killed by freezing 72 h post-eclosion. To provide an estimate of body size for each female, one wing was removed and measured under a dissecting microscope with an ocular micrometer (Packer and Corbet 1989) . Ovaries were dissected out and the number of primary follicles matured beyond stage 2b of Clements, similar to Christopher's stage II, (Christophers 1911 , Clements 1992 were counted, as females with follicles advanced beyond this stage are considered autogenous. As others have determined that there is no significant difference between the number of mature follicles counted from dissections and the number of eggs matured (Telang and Wells 2004) , this method of fecundity estimation was considered sufficient for Ae. atropalpus.
RESULTS

Population growth correlates
Population growth correlates for both Ae. atropalpus and Ae. japonicus were significantly impacted by density-species treatment but not by planter location (Figure 1, Table 1 ). Standardized canonical coefficients (Table 1) revealed that significant effects of treatment were primarily manifested in survivorship and female body size (as indicated by wing length) of Ae. atropalpus and female body size and male development time of Ae. japonicus. Posthoc pairwise contrasts based on the combination of all population growth correlates revealed that the population performance of both species was impacted most under high-density intraspecific conditions, which was significantly different than the high-density interspecific treatment and the low-density intraspecific treatment for both species. There was no significant difference between the 20:0 and 30:30 treatments for either species (Table 1) .
Aedes japonicus females were, in general, larger than Ae. atropalpus females. Median wing length of both species was noticeably reduced in the 60:0 and 30:30 treatments as compared to the 20:0 treatment (Figure 1) . Survival of Ae. atropalpus was lowest in the high-density intraspecific treatment, while that of Ae. japonicus was impacted most in the presence of Ae. atropalpus (Figure 1 ). Mean survivorship of Ae. atropalpus was higher than that of Ae. japonicus in all instances except the 60:0 treatment. Development was completed faster among males and females of both species in the low-density intraspecifc treatment as compared to those in inter-or intraspecific high-density treatments (Figure 1) .
Estimation of Ae. atropalpus fecundity from wing length
A total of 74 Ae. atropalpus females was examined, all of which contained mature follicles upon dissection, and total egg production per female ranged from 15 to 99 eggs. The mean ± SD total eggs produced per female was 47.41 ± 2.38 eggs. The average wing length of females was 2.99 ± 0.03 mm with a range of 2.51-3.57 mm. A single combined linear regression was obtained for all three larval diet regimes (SAS 1989) and the correlation of wing length and fecundity was determined for Ae. atropalpus (Figure 2 ). There was a positive correlation between wing length and the number of eggs produced per female (r 2 = 0.526), and the following regression equation relating wing length to fecundity was obtained for Ae. atropalpus: f(w X ) = 66.148 w X -150.28 (r 2 = 0.526, N = 74 p < 0.001) where w X is the wing length in millimeters on day x.
Estimated finite rate of increase (λ')
The mean estimated finite rate of increase of Ae. japonicus was not significantly affected by density treatments (F 2,10 = 1.45, P = 0.2767). However, λ' was less than one for both the 60:0 and 30:30 treatments, indicating population decline (Figure 3) . Planter location did not affect λ' for Ae. japonicus (F 5,10 = 0.27, P = 0.8435). For Ae. atropalpus, λ' was zero for all treatments (Figure 3 ).
DISCUSSION
These results suggest that the overall performance of both Ae. atropalpus and Ae. japonicus was most significantly impacted under high-density intraspecific conditions. However, when comparing treatments of the same mosquito density, it appears that survival was slightly better for Ae. atropalpus in the presence of Ae. japonicus than conspecifics, and that the survival of Ae. japonicus was reduced in the presence of Ae. atropalpus. Despite this finding, data suggest that the performance of Ae. atropalpus was more sensitive to larval densities, regardless of whether the other larvae were conspecifics or not, because it requires more resources for autogenous development. The estimated finite rate of increase for Ae. japonicus was not detectably different under inter-or intraspecific conditions of the same mosquito density. However, the unusually short wing lengths from which the fecundity of females from many replicates was extrapolated to be zero are likely to have obfuscated the true value of λ'. The median wing lengths of females in these experiments, which ranged from approximately 2.0-2.5 mm, were noticeably smaller than those from previous field competition experiments of similar densities with Aedes albopictus (Skuse), where they were approximately 1 mm longer (Armistead et al. 2008 ). The mean estimated finite rate of increase, λ', was estimated to be zero for all treatments for Ae. atropalpus, indicating that no individuals were able to reproduce autogenously, while that of Ae. japonicus did not significantly change between intra-and interspecific treatments at the same mosquito density. This suggests better overall population performance for this species, despite reduced survivorship across all experimental treatments. The λ' values for Ae. atropalpus appear to be the result of small body sizes from which zero fecundity values were extrapolated for all treatments (Figure 3) .
Considering the autogenous reproduction of Ae. atropalpus (O'Meara and Craig 1970, O'Meara and Krasnick 1970), in which the fecundity of this species depends on nutrient reserves obtained in the larval stage, these results are not surprising. It is interesting to note that male Ae. atropalpus, on average, developed faster than that of Ae. japonicus, but the reverse applied to females, indicating the need for females of the former species to lengthen larval development to accumulate nutrient reserves for egg production. This suggests that autogenous reproduction of Ae. atropalpus Craig 1970, O'Meara and Krasnick 1970) may render this species more sensitive to competitive stress. However, while it is assumed that Ae. atropalpus are obligatorily autogenous in their first gonotrophic cycle, it is not known whether small females producing few or no eggs in an autogenous cycle will then seek a bloodmeal to initiate an anautogenous cycle. Thus, without accounting for the possibility of autogenous reproduction in both species, it is unclear whether Ae. japonicus has a reproductive advantage over Ae. atropalpus under these experimental conditions or in nature. Furthermore, the wing lengths of Ae. atropalpus in these experiments did not exceed 2.0 mm, having little or no overlap with the wing lengths used to generate the fecundity-body size regression. While a linear relationship between body size and fecundity was assumed, it is possible that this is not the case, and that very small females may have produced a few eggs. However, none of the small Ae. atropalpus from these experiments were dissected to directly measure fecundity to address this issue.
An attempt was made to simulate the ecological conditions experienced by these species in nature; however the poor population performances of both species, as evidenced by the declining or zero estimated finite rates of increase, suggest that perhaps these experimental conditions were excessively stressful. The use of increased or multiple levels of food, a different food source, or pulse delivery of food in this experiment may have provided experimental conditions more comparable to those in nature in which interspecific competition might be expressed. The primary detrital resource or microorganism (e.g., algae) that drives rock pool mosquito communities is unknown, as is the foraging efficiency and behavior, resistance to starvation, or tolerance to leaf tannins of either Ae. atropalpus or Ae. japonicus, which may also have affected their population performance. Furthermore, it is possible that the cement from which the rock pools were constructed imposed some toxic effect on the mosquito larvae, although it is important to note that survivorship of Ae. japonicus in this experiment did not differ from values observed in the field competition experiment of this species with Ae. albopictus (Armistead et al. 2008) . These results emphasize the importance of experimental conditions and suggest that multiple factors other than interspecific larval resource competition may be important in determining the current abundance and distribution of these species. The cold-hardiness of Ae. japonicus, particularly the ability of larvae to survive at low temperatures for extended time periods (Nakata 1962 , Kamimura 1976 , may confer an ecological advantage in obtaining resources in the presence of Ae. atropalpus, which diapauses in the egg stage (Hedeen 1953) and emerges later in the season. Furthermore, it may facilitate asymmetric intraguild predation (Edgerly et al. 1999 ) of newly-hatched Ae. atropalpus larvae by 4 th instar Ae. japonicus; however the importance of this ecological process in structuring container-inhabiting mosquito communities has yet to be demonstrated for either species. Predation by diving beetles, which are prominent in rock pools (Shaw and Maisey 1961, James 1964a,b) , may play a role. If Ae. atropalpus and Ae. japonicus tend to occupy different spaces within a rock pool (i.e., at the bottom, surface, or in the water column), selective predation Lounibos 2005, 2006) may be important in facilitating the invasion of the latter species in these habitats and should be investigated further. Finally, the tendency of Ae. atropalpus larvae to congregate under leaves and other organic debris at the bottom of rock pools (Hedeen 1953 ) may allow the species to safely inhabit rock pools fully exposed to the sun, which are more flood prone, therefore partitioning, at least to some extent, rock pool habitats with Ae. japonicus, which is less frequently found under such conditions (B. Byrd, personal communication).
These experimental findings appear ambiguous with respect to the nature of interspecific larval resource competition between Ae. atropalpus and Ae. japonicus because of the stressful experimental conditions. However, a slight competitive advantage for Ae. japonicus seems likely. Numerous factors that may potentially impact interactions among Ae. atropalpus and Ae. japonicus in rock pool communities have been proposed here, however it is important to note that variations in temperature , habitat (Bertness, 1984, Livdahl and Willey 1991) , larval density, season (Teng and Apperson 2000) , and oviposition attraction and repellency (Maire and Langis 1985, Zahiri et al. 1997 ) may also influence larval competition differently among mosquito species and warrant further research with respect to interactions between these two species. Ultimately, the outcome of interspecific competition between these two species depends on the frequency of their co-occurrence in both rock pools and other containers in nature. Such co-occurrences will depend on the seasonal distributions, habitat preferences, and overwintering behaviors of these two species in areas where they co-exist. Further investigation of these factors should be made on a large geographical scale, as they may ultimately influence the community structure of the rock pools in which these species coexist.
